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Hyperalkaline and hypersaline solutionsIn the current work, the hyperalkaline complexation processes in the Ca2+/D-gluconate (Gluc) system
have been studied under hypersaline conditions (I = 4 M NaCl on the molar and Im = 4.38 mol kg1 on
the molal scale, respectively) and over the temperature range of 25–75 C by pH potentiometry using
H2/Pt electrode and
13C NMR spectroscopy. The potentiometric method was validated at 75 C. The depro-
tonation of the alcoholic OH group(s) of the ligand was also investigated. Finally, the temperature
dependence of the stability constants of the mono- and polynuclear complexes forming in the
Ca2+/Gluc/OH system was determined as well. At this high ionic strength, the formation of anionic
complexes seems to be facilitated by ion pair formation.
 2018 Elsevier Ltd. All rights reserved.1. Introduction
In underground salt mines, proposed to deposit low- and inter-
mediate-level radioactive wastes, the incidental intrusion of water
is assumed to yield MgCl2- or NaCl-containing hypersaline brines
[1]. The waste is usually embedded in concrete-based matrices
(e.g., Portland cement) [2], thus, the actual pH of the pore water
is regulated mainly by the degradation of cement. That is, in
NaCl-dominated systems, the pH can reach the value of 13, whilst
the total concentration of dissolved calcium varies around 0.1 M
[1]. On the interaction with much more dilute groundwater, the
pH is buffered at 13 by NaOH and KOH, then it decreases to about
12.5 due to the formation of Ca(OH)2(s) [3].
The actinides are present in the form of sparingly soluble
hydroxides or hydrated oxides [4,5]; their solubility is affected
by the pH, ionic strength, temperature, and complexing ligands.
Concerning complexation, the mobilization of radionuclides can
be enhanced by strong metal chelators. Thus, the long-term safety
assessment of waste repositories requires the quantitative descrip-
tion of these equilibria. In this context, the complexation reactions
taking place with Ca2+ ions are of particular importance as they
may have an impact on the solubility of actinide ions.D-Gluconate (Gluc, Fig. 1), used as an additive for the formula-
tion of cementitious materials [6], is considered to be present in
pore waters in the concentration range of 105–102 M [7]. Addi-
tionally, it is a general model ion for assessing the effect of organic
compounds in the microenvironment of waste repositories. Fur-
thermore, it is a common representative of organic substances pre-
sent in strongly caustic Bayer liquors [8–10]. In this respect, the
solubility of lime, applied for the recovery of NaOH [9,10], can be
influenced by such organic compounds.
Gluc is known to increase the solubility of Ca(II) salts [11,12];
this effect is more pronounced in alkaline medium [13]. In close-
to-neutral solutions, weak complexes are formed between Ca(II)
and Gluc ions. The formation constant of the CaGluc+ species is
relatively small, that is, log b11 ranges from 1.02 to 1.6 depending
on the experimental method and the ionic strength applied
[11,12,14–21]. At higher ligand to metal ratios, the formation of
the CaGluc20 aqueous complex was also detected [16,21,22].
In strongly alkaline medium, the ligand undergoes OH deproto-
nation [23–25]. At 25 C, the corresponding acid dissociation con-
stant, log Ka, was found to be 13.66 and 13.68 by
potentiometric titrations [23,25], while 13 was proposed from
13C NMRmeasurements [24]. Interestingly, it was found that Gluc
could be deprotonated twofold; the second log K was determined
to be 14.02 [23].
Having the OH group(s) deprotonated, the alcoholate groups
formed are very efficient binding sites for Ca2+ ions (beside the COO
Fig. 1. Structural formula of sodium D-gluconate. The numbers indicate the position
of the carbon atoms.
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accounts for the strong chelating ability of Gluc as was attested
by previous 1H NMR measurements [25]. These effects result in
the formation of the deprotonated CaGlucH10 complex, whose for-
mation constant is about two orders of magnitude higher than that
of CaGluc+. Increasing the concentration of both the metal ion and
the ligand, the polynuclear Ca2GlucH30 and Ca3Gluc2H40 complexes
were shown to be the predominant species [25]. The respective sta-
bility products, log b21-3 and log b324, were found to be33.24 and
42.60, which were later recalculated to 33.20 and 42.45 [26]
using the formation constant of the CaOH+ and Ca(OH)20 species
[27]. In addition to the binary complexes, the formation of a ternary
species with the formula of CaThGluc2H40 was deduced from sorp-
tion experiments [28]. The formation of this previously unknown
and unique complex can be promoted via the deprotonated Ca(II)
gluconate species [25]. Hence, the effect of CaCl2 and Gluc ions on
the solubility of tri-, tetra- or pentavalent actinides appears to be
synergetic. Consequently, the equilibria taking place between Ca2+
and gluconate ions in alkaline medium and at high ionic strength
are worth studying.
On the other hand, little is known about these association reac-
tions at higher temperatures and ionic strengths relevant to Bayer
liquors as well as waste repositories. Thus, our primary goal was to
characterize quantitatively the effect of elevated temperature and
high ionic strength on the speciation in hyperalkaline aqueous
solutions containing Ca2+ and Gluc, and to compare the data
obtained with the results published in previous papers. As part of
this endeavour, we implemented a simple, potentiometric titration
system, using H2/Pt indicator electrode, which proved to be opera-
tional and reliable up to 60 C shown in a previous work [29]. For
the current project, the temperature range was extended up to
75 C, and an attempt was made to validate this experimental
arrangement.2. Experimental
2.1. Reagents and solutions
Stock solutions from each compound were prepared using
sodium D-gluconate (Sigma–Aldrich, 99% purity), calcium chlo-
ride dihydrate (Analar Normapur, a. r. grade) and hydrochloric acid
(VWR, ACS reagent grade). The ionic strength of the solutions was
set with sodium chloride (Analar Normapur, a. r. grade) to 4.0 M
and they were prepared at room temperature. Because of the large
(at least fourfold) excess of the NaCl relative to the other reactants
in the solutions used in the potentiometric measurements, the
ionic strength on molal scale can be considered 4.38 mol kg1
throughout the entire set of experiments. The density of this solu-
tion prepared at room temperature (1.1483 g cm3) changes by
about 2.6% (to 1.1208 g cm3) when the temperature is increased
to 75 C [30,31]. The corresponding decrease in the molar concen-
trations were taken into correction during the data processing.
Highly concentrated NaOH solution (50 w%) was prepared
from solid pellets (Analar Normapur, 98.5%) according to the
procedure reported previously [32]. Appropriate portions of thissolution were gravimetrically diluted to obtain 1 M sodium
hydroxide stock solutions, which were standardized against HCl
solutions. The exact concentration of the calcium chloride solution
was determined by EDTA titration prior to the measurements. For
the NMR measurements, the samples were placed into PTFE liners,
then these liners were inserted into quartz tubes containing D2O
externally (Sigma-Aldrich, 99% purity). By this measuring proto-
col, the effect of D2O on the activity of H+ could be neglected.
Deionized water (Merck Millipore Milli-Q) was used to prepare
the samples in each case.2.2. Potentiometric titrations
Potentiometric titrations were performed using a Metrohm 888
Titrando instrument. Custom-made, sufficiently caustic resistant
hard glass cells (max. volume 120 cm3) for the titrations were
externally thermostated. During the titrations, the temperature
was adjusted to 25.0, 50.0 and 75.0 C with the accuracy of ±0.1 C.
The measurements were carried out using a H2/Pt electrode,
which was prepared and utilized according to the instructions
described in the literature [33]. The full electrochemical cell con-
sisted of a platinized-platinum hydrogen (H2/Pt) electrode and a
thermodynamic Ag/AgCl reference electrode, and was constructed
as follows:
Pt sð ÞjH2 gð Þjtestsolution; I¼ 4M Naclð Þj4M Naclð Þ; AgCljAgCl sð ÞjAg sð Þ
ð1Þ
Titrations were performed in a closed titration vessel, covered
with a custom-made Teflon lid. The bubbling H2 gas was presatu-
rated in a 4 M NaCl humidifier solution to minimize evaporation
loss. Similar to the results published in the previous work [29],
the evaporation loss during an individual titration was less than
0.1% of the initial mass of the solution, therefore, it was considered
insignificant.
The electrode was calibrated via titrating malonic acid (H2Mal,
Fluka, a. r. grade) and then HCl solutions with NaOH solutions
(I = 4 M) with the procedure described in the pHCali software
[34]. This program is able to determine the intercept and slope of
the electrode as well as the ionic product of water. Moreover, the
pH effect caused by the incidental dissolution of CO2 was also
taken into account. As a result, the electrode was found to be Nern-
stian at all temperatures. That is, the slope was found to be 59.1–
59.5, 64.3–64.5 and 69.0–69.5 mV at 25, 50 and 75 C, while the
respective theoretical values are 59.16, 64.12 and 69.08 mV. The
calibration and evaluation procedure is discussed in detail in the
Results and discussion section.
Potentiometric titrations with systems containing both Ca2+ and
Gluc were always performed with [NaOH]T,0 = 0.005 M. For spe-
cies X, hereafter [X]T,0 denotes its total initial (titrations) or analyt-
ical concentration (NMR measurements), while [X] represents the
equilibrium concentration. The titrant was ca. 1 M NaOH and the
ionic strength was set to 4.0 M with NaCl. The starting volume
was 70 cm3 and a maximum of 25 cm3 titrant was added in each
case. [NaGluc]T was varied between 0.050–0.200 M, while [CaCl2]T
was changed between 0.025–0.125 M.
Another set of potentiometric titrations were carried out with
solutions containing only Gluc and [NaOH]T = 0.100 M, while the
titrant was 1.002 M CaCl2, and the ionic strength was set identi-
cally to 4.0 M with NaCl. The concentration of NaGluc ranged from
0.100 to 0.200 M.
When the solutions were titrated with NaOH at 75 C, a white
precipitate was formed. The mother liquor was removed using a
hydrophilic PTFE filter of 45 lm pore size. The solid material was
then washed with hot deionized water several times, and was
Fig. 2. The ionic product of water, pKw, as a function of 1/T at I = 4 M (NaCl). The
results of linear fitting are depicted as dashed line.
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pellets for preserving the sample from carbonation.
2.3. NMR experiments
The 13C spectra were recorded on a BRUKER Avance DRX
500 MHz NMR spectrometer equipped with a 5 mm inverse broad-
band probe head furnished with z oriented magnetic field gradient
capability. Prior to the measurements, the magnetic field was sta-
bilized by locking it to the 2D signal of the solvent. The sample
temperature was set to 25 ± 1 C during data acquisitions. For the
individual samples, 512 interferograms were collected to obtain
the proton-decoupled 13C NMR spectra.
In each solution, [Gluc]T was set to 0.200 M and [OH]T was
systematically raised from 0 M to 2.989 M. To obtain data compa-
rable to those derived from the potentiometric titrations, the ionic
strength of the solutions was maintained at 4.0 M with NaCl.
2.4. XRD, IR and ICP-OES analyses
Solid samples obtained from the precipitate forming during
potentiometric titrations (see 2.2) were characterized with various
methods. Each sample was filtered through hydrophilic PVDF
0.45 lm porous size membrane filters, and was rinsed with boiling
deionized water for removing NaCl from the surface.
XRD traces were recorded on a Rigaku XRD-6000 diffractometer
with 4 or 2/min sampling rate using CuKa radiation
(k = 0.15418 nm) at 40 kV and 30 mA.
IR measurements were carried out on a Jasco FT/IR-4700 spec-
trometer in ATR mode equipped with zinc selenide crystal. For
each sample a total of 256 scans were recorded.
The total concentration of Ca2+ was determined with a Perkin
Elmer 7000DV inductively coupled plasma optical emission spec-
trometer (ICP-OES) with radial plasma viewing. The samples were
dissolved in deionized water and neutralized with HCl. Each sam-
ple was measured at the wavelength values of 317.9 nm, 393.4 nm
and 396.9 nm. The sequences were started and finished with blank
sample and continuing calibration verification (CCV) standard.
2.5. Data evaluation
The general reaction for the complex formation between Ca2+
and Gluc ions is as follows:
pCa2þ þ qGluc þ rH2O ¼ CapGlucqHð2pqrÞþr þ rH3Oþ ð2Þ
with the formation constant, bpqr, being defined as
bpqr ¼
½CapGlucqHð2pqrÞþr ½H3Oþ
r
½Ca2þp½Glucqc1þrpq
ð3Þ
where c is the standard molar concentration (1 mol dm3). (By this
definition, the activity of water, awr , is included in the equilibrium
constant.) The equilibrium constants and limiting chemical shifts
of the species forming during the deprotonation of Gluc were cal-
culated with the aid of the PSEQUAD suite of computer programs [35].
The pKw values were computed with the program pHCali v1.32a
based on the nonlinear evaluation of the cell potential versus titrant
volume data [34] (for more details, see below).
3. Results and discussion
3.1. Determination of the ionic product of water at various
temperatures  validation of the measuring system
In order to check the robustness of the electrochemical cell and
the reliability of the titration protocol used for our measurements,the determination of the ionic product of water (pKw = log ([H+]
[OH]/c2)) at 25, 50 and 75 C was undertaken.
First a weak acid–strong base (H2Mal, versus. NaOH) titration
was performed using the cell configuration shown in Eq. (1).
H2Mal is available in sufficiently high purity form, thus, it can be
used as primary standard. For the titrations, [H2Mal]T,0 was set to
0.01 M. As a next step, a strong acid–strong base (HCl versus.
NaOH) titration was carried out with [HCl]T,0 being approximately
0.01 M. For both measurements, the titrant was 0.1 M NaOH. The
resulted data points were used to determine the exact concentra-
tion of the titrant base solution and to estimate its actual carbonate
concentration (usually between 0.1 and 0.2 mol% of the base;
inevitably, this value was found to gradually increase during the
lifetime of a titrant solution). Additionally, the intercept and slope
of the electrode, the pKw as well as the first and second pKa of
H2Mal were calculated using the non-linear fitting procedure of
the pHCali software. On the other hand, the two acidity constants
of H2CO3, corresponding to t = 25 C and I = 4 M [(CH3)4NCl], were
taken from the literature [36]. (It should be noted that the actual
value of the acidity constants of H2CO3 had only an insignificant
effect on the results obtained because of the very low concentra-
tion of the carbonate in these calibrating solutions.) Due to exper-
imental difficulties concerning the determination of pKa of HCO3
and especially that of H2CO3 at elevated temperatures, the data
regarding 25 C were used at each temperature.
For all the three temperatures, two parallel measurements were
performed and the thus obtained six pKw values (Fig. 2) were fitted
linearly as a function of reciprocal temperature (in K1) according
to the van t’ Hoff equation:
lnK ¼ DH
RT
þ DS
R
ð4Þ
The standard enthalpy and entropy of the reaction
H3O
þ þ OH ¼ 2H2O ð5Þ
were directly determined from the intercept and slope of the fitted
line. The results of these calculations are presented in Table 1. The
pKw versus T1 relation showed good linearity, since the correlation
coefficient, R2, was found to be 0.9963. The accepted values of pKw
(Table 1) were then obtained via recalculating them from the DH
and DS parameters.
At 25 C, the pKw was found to be 14.26, which agrees well with
14.29 [29], which was determined previously with similar method-
ology under the same experimental conditions. The corresponding
DH and DS values were determined to be 56 kJ mol1 and
Table 1
Stability constants, standard enthalpies and entropies determined for the various reactions taking place in the Ca2+/Gluc/OH system. Experimental conditions: t = 25, 50 or
75 C, I = 4 M (NaCl). In parentheses, the triple standard error is given.
Reaction t (C) Log bpqr DH (kJ mol1) DS (J mol1 K1)
H3O+ + OH = 2H2O 25 14.28(7)
14.25(5)
14.26a
56(5) 85(15)
50 13.48(7)
13.48(5)
13.50a
75 12.80(5)
12.91(5)
12.84a
Gluc + H2O = GlucH12 + H3O+ 25 14.08(3)
13.90(3)b
57(1) 79(4)
50 13.32(3)
75 12.65(2)
Gluc + 2H2O = GlucH23 + 2H3O+ 25 28.82(2)
Ca(H2O)x + H2O = Ca(H2O)x1(OH)+ + H3O+ 25 13.92c 68(5)d
50 12.99c
75 12.20c
Ca(H2O)x + 2H2O = Ca(H2O)x2(OH)20 + 2H3O+ 25 27.64c 126(10)d
50 25.94c
75 24.45c
Ca2+ + Gluc + H2O = CaGlucH10 + H3O+ 25 11.73(3) 45(7) 73(23)
50 11.17(3)
75 10.59(3)
2Ca2+ + 2Gluc + 4H2O = Ca2Gluc2H42 + 4H3O+ 25 46.54(3) 184(23) 276(70)
50 44.21(5)
75 41.91(22)
3Ca2+ + 2Gluc + 4H2O = Ca3Gluc2H40 + 4H3O+ 25 43.80(3) 193(6) 193(18)
50 41.23(2)
75 38.95(3)
a These constants were recalculated from the corresponding DH and DS parameters and then were used to determine the stability products of the various
CapGlucqHr(2pqr)+ species.
b These constants were determined by 13C NMR spectroscopy (the others by potentiometry).
c These constants were calculated from the pKw values given here and from the DH parameters reported in Ref. [27].
d These parameters were obtained from the DH of neutralization given here and from the DH parameters reported in Ref. [27].
Fig. 3. Observed (symbols) and calculated (lines) 13C NMR chemical shifts of
gluconate-containing species as a function of [NaOH]T. Experimental conditions:
t = 25 C, I = 4 M (NaCl); [NaGluc]T = 0.200 M, [NaOH]T = 0–2.989 M. The calcula-
tions were performed by fitting the first (dashed line) or the first and second (solid
line) deprotonation constants of Gluc. For better visualization, the chemical shifts
were normalized to those of 0.200 M NaGluc. The appropriate nuclei are indicated
in the legend; the numbering is shown in Fig. 1.
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in the literature (DH = 55.8 kJ mol1 and DS = 80.8 Jmol1 K1)
[37], the agreement is satisfactory. Consequently, (1) the potentio-
metric titration system employed in this work provides reliable
data, and (2) these pKw determinations can be regarded as experi-
ments validating the experimental protocol applied.
3.2. The deprotonation of gluconate at elevated temperatures and in
strongly alkaline solutions
The deprotonation of Gluc in alkaline solutions was investi-
gated via 13C NMR spectroscopy as well as pH potentiometry.
The 13C NMR measurements were performed with a solution
series containing [NaGluc]T = 0.200 M and [NaOH]T = 0–2.989 M.
The systematic variations in the chemical shifts upon the addition
of NaOH (Fig. 3) suggest that the deprotonation of the OH groups of
Gluc takes place.
Gluc þH2O ¼ GlucH21 þH3Oþ ð6Þ
b011 ¼
½GlucH21½H3Oþ
½Gluc ð7Þ
Fitting the measured chemical shifts with a single deprotona-
tion step yielded log b01-1 (i.e., log Ka) = 14.16 with the fitting
parameter (F) being 0.025 ppm. The F parameter is defined as:
F ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃPn
i¼1 Yi;calc  Yi;meas
 2
n k
s
ð8Þwhere Yi,calc and Yi,meas are the ith calculated and measured data, n is
the number of the measurements, while kmeans the number of the
fitted parameters.
Fig. 4. The deprotonation constant (log b011) of gluconate (Gluc) as well as the
log bpqr stability products of the various CapGlucqHr(2pqr)+ species as a function
of 1/T at I = 4 M (NaCl). The results of linear fitting are depicted as dashed lines, and
the calculated R2 values are indicated in the legend.
Fig. 5. Measured (symbols) and calculated (lines) cell potentials for gluconate
(Gluc) in the presence of CaCl2 and NaOH. Experimental conditions: t = 25 C,
I = 4 M (NaCl); [NaGluc]T,0 = 0.050–0.200 M, [CaCl2]T,0 = 0.025–0.152 M,
[NaOH]T,0 = 0.005 M. The titrant was 1 M NaOH. Solid lines were calculated by
assuming the formation of the GlucH12, CaGlucH10 , Ca2Gluc2H42 and the Ca3Gluc2-
H40 species.
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seen between the observed and calculated chemical shifts in
Fig. 3. This suggests the presence of a further parallel chemical
equilibrium. Therefore, a second deprotonation of the anion was
taken into account.
Gluc þ 2H2O ¼ GlucH32 þ 2H3Oþ ð9Þ
b012 ¼
GlucH32½H3Oþ
h i2
Gluc½  ð10Þ
This assumption decreased the value of F by almost one order of
magnitude (to 0.003 ppm) and yielded log b011 = 13.90 and
log b012 = 28.82. That is, for the two consecutive deprotonation
steps, the first and second pKa of Gluc and GlucH12 were found
to be 13.90 and 14.92, respectively. At 1 M NaCl, log b011 was
reported to be 13.68 [25], while at 1 M NaClO4, log b011 and
log b012 were found to be 13.66 and 27.68, respectively [23].
The differences between our and the literature data can be attrib-
uted to the different ionic strength and/or to the use of different
background electrolyte.
Given that the formation of GlucH23 is only 30% at the highest
pH, and that the chemical shifts of GlucH12 and GlucH23 are very
similar, the formation of GlucH23 is uncertain. Hence, the number
of gluconate-containing species were determined by an indepen-
dent matrix rank analysis method [38]. In principle, this is applica-
ble to any ‘absorbance-type’ quantities for which the experimental
signal is linearly proportional to the concentration of the ‘absorbing
species’. For the present system, the following relation holds:
d ¼ dGluc Gluc
½ 
Gluc½ T
þ dGlucH21
GlucH21
h i
Gluc½ T
þ dGlucH32
GlucH32
h i
Gluc½ T
ð11Þ
It is seen that the observed chemical shift (d) is linearly propor-
tional to the free concentration of a certain species and the propor-
tionality constant is the ratio of the limiting shift and [Gluc]T
(0.200 M). Hence, the chemical shift can be regarded as ‘ab-
sorbance-type’ quantity. For this system, it was found that there
were three linearly independent species attesting the formation
of GlucH12 and GlucH23.
Considering the maximum of [NaOH]T = 0.26 M used during the
potentiometric titrations, gluconate exists in the forms of Gluc
and GlucH12. The results obtained from the potentiometric titra-
tions verified this expectation, since only one deprotonation con-
stant could be fitted. The log b011 was determined to be 14.08,
which agrees well with that obtained from NMR spectroscopic
results considering the different experimental method. The depro-
tonation constants, however, could be determined only via titra-
tions at elevated temperatures. To be consistent, the constants
obtained by potentiometry were used to calculate the stability
products of the various Ca(II) complexes at each temperature.
The deprotonation constants obtained in the temperature range
of 25–75 C allowed the calculation of the enthalpy and entropy
corresponding to Eq. (4). Accordingly, the deprotonation of Gluc
(Eq. (6)) is strongly endothermic (Table 1), i.e., Gluc is a very weak
acid. These parameters with the respective equilibrium constants
are tabulated in Table 1 and represented graphically in Fig. 4.
3.3. Complex formation between Ca2+ and gluconate ions
The interaction between Ca2+ and Gluc ions in alkaline med-
ium ([NaOH]T = 0.005–0.267 M) were examined by potentiometric
titrations. The titration curves shown in Fig. 5 are grouped by the
variation of [Gluc]T and [Ca2+]T. All the titrations were performed
in ligand excess, which means the ratio of [Ca2+]T:[Gluc]T was
varied between 1:1.32 and 1:4. At relatively low metal and ligandconcentrations, only a slight shift in the shape of the titration
curves could be observed referring to the presence of mononuclear
complexes. On increasing [Ca2+]T and [Gluc]T, the measured
potential gradually increased, resulting in a noticeable change in
the curvature of the titration curves at the same metal–ligand
ratios. This alteration is very similar to that observed at 1 M ionic
strength [25], therefore indicates the formation of multinuclear
species.
Upon titrating solutions containing [NaGluc]T,0 = 0.1–0.2 M and
[NaOH]T,0 = 0.1 M with 1 M CaCl2, continuous increase in the cell
potential (ca. 60–80 mV) is seen (Fig. S1). Since the dilution would
cause only 4–5 mV increase, the observed changes correspond
unambiguously to the formation of deprotonated Ca(II) gluconate
complexes, which is accompanied by remarkable pH decrease.
At 50 C and 75 C, the titrations resulted in nearly identical
titration curves (see Figs. S2–S4). The number of experimental
points at which the system was still homogenous, however, signif-
Fig. 6. Distribution of calcium(II) among the various aqueous species in the
presence of gluconate (Gluc) as a function of pH. The calculations correspond to
t = 25 C and I = 4 M (NaCl); solid lines: [NaGluc]T = 0.050 M, [CaCl2]T = 0.025 M,
dashed lines: [NaGluc]T = 0.200 M, [CaCl2]T = 0.150 M. The simulations were per-
formed by using the stability constants given in Table 1.
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could be studied only at 75 C). A plausible explanation would be
the precipitation of Ca(OH)2, since its solubility product greatly
decreases with increasing temperature [27]. The X-ray diffrac-
togram indicated, however, the formation of an amorphous phase,
which is going to be discussed later.
To extract the stoichiometry and stability constants of the var-
ious Ca2+ complexes, data evaluation at each temperature were
carried out by keeping constant the respective values of pKw and
log b011 (Table 1). The formation constants of Ca(OH)+ and
Ca(OH)20, i.e., log b101 and log b102, were taken from Ref. [27]
using the pKw values determined in the present work (Table 1).
Fitting the titration data by assuming the formation of the
CaGlucH10 species, the F parameter was found to be 14.7. To
decrease the average error further, ca. 50 further species were
tested. Including the Ca3Gluc2H40 complex in the model, the F
dropped to 2.4 mV. The formation of this trinuclear species is not
surprising as it was detected at I = 1 M not only in the presence
of D-gluconate [25], but with the structurally similar D-heptaglu-
conate [39] and L-gulonate [26], too. Assuming the formation of a
third species results in significant decrease of F. This complex
can be either the CaGlucH2 (F = 0.86 mV) or the Ca2Gluc2H42
(F = 0.70 mV). Previously, the Ca2GlucH30 was found to be formed
at I = 1 M [25]. It is important to note that Ca2GlucH30 can be
replaced by Ca2Gluc2H42 yielding the same F, referring to the prob-
able formation of both species at I = 1 M; however, they are indis-
tinguishable by potentiometry.
Given that both CaGlucH2 and Ca2Gluc2H42 can be formed
at I = 4 M, one possible route for the formation of the
Ca3Gluc2H40 complex can be the following:
CaGlucH01 þH2O ¼ CaGlucH2 þH3Oþ ð12Þ
2CaGlucH2 ¼ Ca2Gluc2H24 ð13Þ
Ca2Gluc2H
2
4 þ Ca2þ ¼ Ca3Gluc2H04 ð14Þ
By this proposed scheme, CaGlucH2 seems to dimerize yielding
Ca2Gluc2H42. Since the latter species provided lower F also for the
titrations carried out at 50 and 75 C, it was chosen for the final
chemical model. (At 75 C, fitting the formation constant of
CaGlucH2 was not possible.) The respective log bpqr constants
are presented in Table 1.
Of these complexes, the predominant one is the
Ca3Gluc2H40 above pH 12.5 at [NaGluc]T = 0.050 M and
[CaCl2]T = 0.025 M and at 25 C (solid lines in Fig. 6). Increasing
[NaGluc]T and [CaCl2]T to 0.200 and 0.150 M, respectively, the for-
mation of the trinuclear complex is more pronounced (dashed lines
in Fig. 6). The binuclear species becomes dominant above pH 13.3
at both compositions.
For the titrations performed at 50 and 75 C, the pH scale was
rather different, therefore, [NaOH]T was chosen as the independent
variable for a reliable comparison. Between [NaOH]T = 0.01 and
0.15 M (for which the system was homogenous at each tempera-
ture), the speciation remains practically unaltered independently
of the temperature (Fig. S5). The predominant species is the
Ca3Gluc2H40 (i.e., Ca3Gluc2(OH)40) one, whose formation reaction
in alkaline medium can be expressed as:
3Ca2þ þ 2Gluc þ 4OH ¼ Ca3Gluc2ðOHÞ04 þ 4H2O ð15Þ
The corresponding stability product, log b324, equals to
log b324 + 4pKw. Therefore, the corresponding log b324 constants
are: 13.24 (25 C), 12.77 (50 C) and 12.41 (75 C). It is seen that
this constant decreases only slightly with increasing temperature,
hence, the ratio of the trinuclear species relative to free Ca2+ does
not change markedly.Similarly to the deprotonation constant, the enthalpy and
entropy of these complex formation reactions (Eq. (1)) were deter-
mined. The results are shown in Table 1 and presented graphically
in Fig. 4. Generally, the deprotonation and Ca(II) complexation
reactions of Gluc (Table 1) are all enthalpy-driven. It has to be
mentioned that the formation of CaGlucH10 (Eq. (12)) is less
endothermic than that of GlucH10 (Eq. (6)). Consequently, Gluc
undergoes deprotonation more readily in the presence of Ca2+
ion. It can also be deduced that the reaction
Ca2þ þ GlucH21 ¼ CaGlucH01 ð16Þ
is exothermic with DH being 12 kJ mol1. Conversely, the reaction
in Eq. (14) is accompanied with DH  0. (Numerically, it is
9 kJ mol1, but the corresponding standard errors are too high to
consider this process endothermic.)
To assess the effect of Gluc on the solubility of Ca(OH)2 under
the conditions of the Bayer process [8–10], model calculations
were performed. To take hetero- and homogenous equilibria into
consideration simultaneously, the solubility product of Ca(OH)2
was taken from Ref. [27]. Using the enthalpies and entropies given
in Table 1 and in Ref. [27], all equilibrium constants corresponding
to 100 C were calculated. The variation in the solubility of calcium
(II) is demonstrated by Fig. 7. It is clearly seen that NaGluc has con-
siderable impact on the concentration of dissolved calcium(II) in
the whole range of [OH] (0.01–2.51 M). At [OH] = 1 M, the
increase of [Ca2+]T relative to that of the gluconate-free system is
10%, 23% and 76% at [Gluc]T = 0.03, 0.05 and 0.10 M, respectively.
In conclusion, the dissolution of Ca(OH)2 is significantly enhanced
by the addition of NaGluc (as a model of organic contaminants) in
agreement with previous results [8–10].
Interestingly, the gluconate-containing Ca(II) complexes are
formed to a high extent at [NaGluc]T = 0.1 M even in the presence
of a solubility-controlling solid phase (Fig. S6). At [OH]  0.02 M,
about 40% of [Ca2+]T is present as Ca3Gluc2H40 , while the same
fraction of Ca2Gluc2H42 is formed at [OH]  0.5 M. As the pH
increases further, the Ca(OH)20 aqueous species becomes the pre-
dominant one.
3.4. Characterization of the solid sample
As discussed above, the number of experimental points
decreased to a large extent owing to the precipitate forming in
Fig. 7. The solubility of calcium(II), log ([Ca2+]T/c), as a function of [OH]. The
calculations correspond to t = 100 C, I = 4 M (NaCl) and [NaGluc]T = 0–0.10 M. The
simulations were performed by using the log bpqr stability products of the Cap-
GlucqHr(2pqr)+ complexes, the log Ksp solubility product of Ca(OH)2, and the
corresponding DH and DS parameters given in Table 1 and in Ref. [27].
Fig. 8. Infrared spectra of the precipitate obtained from pH potentiometry, in
comparison with that of sodium gluconate (NaGluc). The sample was prepared at
t = 75 C and I = 4 M (NaCl) by titrating the solution containing [NaGluc]T,0 = 0.15 M
and [CaCl2]T,0 = 0.10 M with 1 M NaOH. The positions of the symmetric (1398 cm1)
and the asymmetric (>1550 cm1) stretching vibrations are indicated.
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Ksp of Ca(OH)2 of calcium hydroxide decreases with increasing
temperature seemed plausible, the fact that complexes with zero
net charge tend to precipitate, had to be taken into account.
XRD measurements were performed on the samples first
(Fig. S7). Comparing the diffractograms of the sample and those
of the reference materials, the lack of distinct reflections – which
are typical of NaGluc, NaCl, Ca(OH)2 or CaCl2 – indicated an amor-
phous structure.
To verify this assumption, the FT-IR spectra of the precipitate
and the ligand were recorded (Fig. 8). The comparison of the two
spectra revealed that the amorphous precipitate contained glu-
conate. The sharp OAH stretching vibrations (from 3250 cm1 to
3500 cm1) of the plain ligand indicates that the coordination of
the OH groups is weak. With regard to the precipitate, conversely,
the broadened signal in the same region implies the coordination
of OH groups. Such broadening was observed for the gluconate
complexes of numerous divalent metal ions including Ca2+
[40,41]. Concerning the region of carbonyl vibrations (from
1350 cm1 to 1650 cm1), the two components of the asymmetric
CAO stretching vibrations (1633 cm1 and 1597 cm1) of NaGluc
shifted towards lower wavenumbers (to 1558 cm1). For Ca2+-
binding proteins, such shift of 10–25 cm1 was attributed to the
binding of Ca2+ [42]. In the present case, the shift is at least
40 cm1 referring to strong metal ion coordination.
Furthermore, the difference between the peaks of the asymmet-
ric and symmetric vibrations is an indicative of the probable coor-
dination mode [43]. That is, the difference for NaGluc (200–
235 cm1) refers to monodentate, while that for the solid complex
(160 cm1) points to the bridging-type binding mode. Additionally,
the signal with 1550 cm1 was attributed to the bridging-type
coordination of the COO group in the stearate and oleate salts
of calcium(II) [44].
Finally, an attempt was made to derive the stoichiometry of the
solid complex by using ICP-OES measurements. From the species
distribution diagrams corresponding to 75 C, the predominant
complex in aqueous solution is the neutral Ca3Gluc2H40 , thus, this
complex was expected to precipitate. From the ICP results and
assuming, that the remaining mass after subtracting the mass of
Ca is purely gluconate, the molar ratio of Ca2+ and Gluc was found
to be approximately 3:2. For the trinuclear complex, two possible
compositions with the same molar mass can be envisaged. In thefirst case, the formula of the species can be described as
Ca3(GlucH2)22H2O(s), where the association of two double depro-
tonated gluconate and twowater molecules takes place (beside cal-
cium). Second, the combination of two single deprotonated ligands
and two OH moieties, resulting in Ca3(GlucH1)2(OH)2(s), is also a
plausible scenario. Using the aforementioned composition of the
complex, the calculated mass of the sample from measured
calcium(II) concentration agreed well with the original mass of
the sample. Both suggestions yielded 1.1% error, therefore, the
two structures cannot be distinguished.
4. Conclusions
High ionic strength was found to facilitate the formation of
deprotonated species GlucH12 and GlucH23. The latter species
was not observable at lower ionic strengths. The composition
and formation constants of the polynuclear calcium complexes
forming in hypersaline and hyperalkaline conditions were deter-
mined and were also found to be slightly dependent on ionic
strength. For the solid material precipitated at 75 C, possible
structural formulas were suggested as well.
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